The need to study for cognitive effects of multi-night sleep restriction
There is a growing trend for adolescents across the globe [1] to report sleeping less than the recommended 8-10 hours [2, 3] . Maturational changes including delayed circadian phase and slower accumulation of sleep pressure, as well as greater autonomy already shorten sleep duration [4] [5] [6] [7] . The pervasive use of smartphones and social media together with the globalization of the academic arms race have added to the erosion of sleep duration [4] [5] [6] [7] [8] [9] . Already lowly prioritized in many adolescents' minds, sleep stands to be further compromised without compelling evidence that students, parents and educators can relate to and act upon. In this light, we examine recent evidence on the impact of multinight sleep restriction on adolescent cognition.
One clear consequence of short sleep in adolescents is increased sleepiness [10-15,16 ,17] . However, until relatively recently, the evidence for the cognitive impact of reduced sleep was less conclusive. In a review of experimental studies between 1981 and 2015, de Bruin et al. concluded that sleep restriction had only a small or no effect on cognition in adolescents [18 ] . Even when sleep was reduced to as little as five hours for four nights, Voderholzer et al. [19] did not observe impairment of attention, speed of processing, executive function, working memory, or long-term memory. While this was attributed to adolescents' ability to preserve slow wave sleep [19] or to modulate task-related brain activation during partial sleep deprivation [20] , another possibility is that the cognitive tasks were not sensitive enough to detect the effects of partial sleep loss.
Deficits in vigilance and basic cognitive processes
The Psychomotor Vigilance Task (PVT), extensively used in studies involving partial and total sleep deprivation in adults, had only been used in a single non-adult study before 2016. In that study, more lapses in attention in the PVT were found after a night of five-hour time-in-bed (TIB) compared to a 10-hour TIB in 10-year-old girls [21] . Since 2016, several studies have corroborated the utility of examining vigilance decline in sleep-deprived teens. Campbell et al. found that children and young adolescents (age: 9.9-14 years) exhibited sustained attention deficits after four nights of 7.5-hour TIB [22 ,23] , despite the fact that slow wave sleep duration or activity were not compromised [24] . Lapses in attention were also observed in Short's work involving older adolescents (age: >15 years) over five nights of 5-hour and 7.5-hour TIB [25, 26 ] .
In addition to vigilance (assessed with the PVT) and alertness (the Karolinska Sleepiness Scale), a series of experimental sleep studies we conducted on older adolescents also tracked working memory/executive functions (1-back and 3-back tasks), and speed of processing (the Symbol Digit Modalities Test and the Mental Arithmetic Test) over 10-15 days of sleep opportunity manipulation. Participants who had a 9-hour TIB throughout (Figure 1 , black line), evidenced stable performance on the PVT and n-back tasks, and steadily improved on speed of processing tasks. In contrast, those restricted to 5-hour TIB over seven nights showed cumulative decrement in subjective alertness, sustained attention, and working memory/executive functions, in addition to no improvement in speed of processing [27 ] . This combination of findings was replicated in a subsequent study involving five nights of sleep restriction to 5-hour TIB [28 ] . Although two nights of nine-hour recovery sleep over a simulated weekend offered some respite, neurobehavioral deficits were compounded [28 ] upon a second exposure to 5-hour TIB nocturnal sleep restriction (Figure 1 , red line). This compounding of behavioral effects over two successive cycles of sleep restriction was also observed with a milder, and perhaps more common, level of sleep restriction to 6.5-hour TIB [29 ] (Figure 1 , green line).
Deficits in long-term memory and learning
While deficits in the aforementioned basic cognitive processes can be expected to have downstream effects on classroom attentiveness, those heavily concerned with academic outcomes will want to know about how longterm memory is affected. While many studies have shown the effect of a single night of total sleep deprivation on long-term memory [e.g. 30,31], studies assessing memory after several nights of sleep restriction are few and have produced mixed results. For example, adolescents, restricted to a 5-hour TIB each night for four or seven consecutive nights after learning, showed no negative impact on the overall retention of word pairs [19] or a prose passage [32] respectively. These findings suggest [38] , film clips [39] and pictures [40] [41] [42] . This suggests that the capacity to attend to and form an enduring memory during encoding is impaired after sleep restriction and that encoding may be a more relevant mechanism influencing learning outcomes in adolescents.
Most studies of long-term memory and sleep involve memorizing verbal or non-verbal materials over a short space of time [e.g. 43] . It is unclear if such findings generalize to the acquisition of complex factual knowledge over many hours of repeated study episodes, akin to the process of revision following classroom learning. Further, prior studies have only tested memory at delays of a few days [e.g. 19], despite the need to retain declarative knowledge for weeks and months in order to succeed academically. Adolescents who had a 9-hour TIB over multiple nights and were subsequently asked to learn a series of biology facts about two types of arthropods over several hours, retrieved learned material better than students who learned following four nights of only 5-hour TIB. This group difference in successful retrieval was evident at 30 min post-learning, three days post-learning following recovery sleep and, for a reduced number of test participants six weeks post-learning [44 ] . A separate within-subject study evaluated 14-year-old to 17-year-old students receiving standardized video lectures under naturally short (6.5-hour TIB) or healthy sleep (9.1-hour TIB) conditions while being monitored for attentiveness [16 ] . Under the short sleep condition, adolescents scored significantly lower on the quiz, showed more behaviors suggestive of inattention and sleepiness in the simulated classroom, and were reported by adolescents themselves and by their parents to be less attentive and sleepy. Critically, the lower quiz scores were not mediated by sleepiness or lapses in attention.
To round off this review, multiple nights of sleep curtailment have also been recently shown to increase false memory [45] , and impair short-term topographical memory [46] . However, prospective memory appears not to be affected [47, 48] .
Two important conclusions can be drawn from these recent adolescent sleep restriction experiments. Firstly, despite the high prevalence rates of sleep curtailment in adolescents, this age group does not appear to adapt well to chronic sleep loss, and they are clearly not immune to the neurobehavioral impairment induced by multiple nights of sleep curtailment. This is further supported by the recent findings that when sleep opportunity was experimentally extended by 1.5 hours for two weeks, adolescents who habitually slept 5-7 hours on school nights had fewer symptoms of sleepiness and negative mood [49] , and might show improvement in symptoms of sluggish cognitive tempo and driving behavior [50] . Secondly, sleep restriction to 6. 
Cognitive benefits of daytime napping or splitting sleep
In adults, daytime napping can effectively alleviate some of the neurobehavioral deficits caused by nocturnal sleep restriction [53] . Given that napping is common in adolescents [7, 54, 55] , it is of interest to investigate whether similar benefits can be observed in sleep-deprived teenagers. A 60-min [28 ] (Figure 1 , orange line) or 90-min [29 ] nap (Figure 1 , blue line) commencing at 14:00 substantially reduced neurobehavioral deficits during successive cycles of sleep restriction and recovery. Interestingly, while these benefits observed in the postnap afternoon and evening do not appear to differ between the two nap durations studied, 90-min naps appear to confer greater benefits to performance in the following morning than the 60-min naps, particularly in the first week of nocturnal sleep restriction. It is important to note that neither nap duration had significant impact on nocturnal sleep duration, so one could argue that the benefits of napping [56] , might simply be attributed to the longer sleep opportunity across 24 hours afforded by the additional sleep/nap episode.
To address this, two approaches were used. The first was to determine whether, even when nocturnal sleep is not artificially restricted, taking a nap as opposed to cramming could yield comparable retrieval for learned facts that was superior to being awake but not learning [57 ] . This was found to hold true when participants were tested 30 min after the final learning session. Interestingly, eight days after learning, only the group that napped showed significantly better memory than the passive wake group.
In the second approach, the effect of a nap in the setting of comparable total sleep opportunity across two sleep schedules was evaluated. Here, cognition in participants who were given 6.5 hours to sleep at night (Figure 1 , green line) was compared with those who split their sleep into a nocturnal TIB of five hours and a daytime TIB of 1.5 hours (Figure 1, blue line) . The superior performance of the split sleep participants highlights the beneficial effects of daytime napping, especially when total sleep time across 24 hours in this group was slightly lower than that of the continuous sleep group [29 , 46, 58] . These nap benefits were associated with reduced homeostatic sleep pressure during the post-nap waking period, indexed by longer N2 sleep latency and lower slow wave activity in the first hour of sleep at night [29 ] . Although splitting sleep to have a daytime nap reduced neurobehavioral deficits, the split sleep group showed greater glucose excursion, that is, the change in blood glucose from the fasting state to two hours after the oral glucose load, during the Oral Glucose Tolerance Test. These findings indicate that both short sleep schedules are suboptimal but are associated with different costs and benefits. These results while preliminary, invite further research into what constitutes adequate sleep for an individual student and how sleep is optimally distributed across 24 hours. An overview of current thinking about how nocturnal sleep and naps interact and contribute to memory performance is illustrated in Figure 2 .
Customizing sleep recommendations
Efforts to improve sleep are challenged by societal pressure to maintain and extend wakefulness to engage in activities deemed economically necessary, fulfilling or both. Striking a balance by creating personalized sleep recommendations is highly desirable but necessitates a deeper insight into what constitutes optimal sleep and how best to distribute it across each day taking into account trait-like inter-individual differences in responses to sleep loss [59] [60] [61] .
Key to achieving these goals is having massive amounts of purposefully collected and analyzed data because of the multitude of sleep measures as well as outcomes of interest [62] . Current recommendations on what constitutes adequate sleep for different ages are mostly drawn from large epidemiological studies on cognition [63] [64] [65] , mortality [66] [67] [68] [69] or cardio-metabolic health [69] [70] [71] [72, 73] or sleep and mental or cardio-metabolic health outcomes [74] , it is unclear whether their conclusions will hold up in the real world on account of limited sampling and testing under highly controlled laboratory conditions. Further, as only one domain, for example, cognition or glucose metabolism, is usually studied at a time, little is known about how variables of interest interact to influence outcomes. As illustrated earlier [29 ] , what may suffice for one health goal may be less appropriate for another.
The sleep field would do well to emulate the multidimensional -omics approach used to design personalized medical treatment in recognition of inter-individual differences in response to therapy. While trait-like inter-individual 
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Schematic showing how nocturnal sleep and naps contribute to memory and learning. Nocturnal sleep confers benefits to memory as well as restores encoding capacity and attentional resources for learning the next day. Naps have also been shown to restore encoding capacity resulting in both immediate and delayed benefits on learning, and also produce immediate benefits for memory consolidation, although delayed effects have yet to be studied. The optimal duration of a nap for cognitive benefits should consider effects on nocturnal sleep as an overly long daytime nap may interfere with nocturnal sleep. differences in cognitive performance following sleep deprivation have been documented for some time [59] [60] [61] , the widespread adoption of smartphones and wearables offers an unprecedented opportunity to collect objective sleep or sleep-proxy data on multiple nights for extended periods. In addition, these new technologies can provide information about sleep regularity and continuity (or their proxies) on a scale sufficient to allow the personalization of sleep behavior recommendations. These latter measures are emerging as important in predicting cognitive decline in older adults [75 ] . Currently measurements using wearables are mainly proxies for sleep though some devices can actually measure sleep. As such some caution is merited in the interpretation data so collected. However, over and above polysomnography, which cannot be practicably implemented on a large scale, multiple assessments of sleep quality and cognition can be gathered through device enabled Ecological Momentary Assessments [76, 77] providing hitherto difficult to collect information that influences cognition, health and wellbeing. New methods of time series analysis [78] and application of dose-response approaches adolescent sleep data [26 ] will provide novel approaches for generating personalized recommendations for sleep adequacy in this age group and beyond (Figure 3 ).
Conclusion
The onerous task of getting teens to obtain adequate sleep faces perennial challenges and evolving time use norms but is well supported by recent empirical data on the effects of cognitive degradation from multi-night sleep restriction. Institutionalizing naps, trying out alternative sleep schedules, and personalizing sleep recommendations are approaches that may sound like a cop-out but may be unavoidable in the face of compelling evidence concerning the need for sleep. In this quasi-experimental study, vigilance, working memory, executive function, speed of processing, alertness, and mood were compared between adolescents exposed to seven nights of five-hour or nine-hour sleep opportunities.
28.
Lo JC, Lee SM, Teo LM, Lim J, Gooley JJ, Chee MW: Neurobehavioral impact of successive cycles of sleep restriction with and without naps in adolescents. Sleep 2017,
40:zsw042
This study is the first to characterize neurobehavioral functions during successive cycles of sleep restriction and recovery.
29.
Lo JC, Twan DCK, Karamchedu S, Lee XK, Ong JL, van Rijn E, Gooley JJ, Chee MW: Differential effects of split and continuous sleep on neurobehavioral function and glucose tolerance in sleep-restricted adolescents. Sleep 2019, 42: zsz037 When sleep opportunity is limited, divergent negative outcomes with respect to neurobehavioral and glucose responses are observed depending on whether the same amount of sleep is split (five hours at night and 1.5 hours during the daytime) or consolidated across the night (6.5 hours at night). Neither sleep restriction schedule is without compromise when compared with a nocturnal sleep opportunity of nine hours. 
